Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen Zwecken und zum Privatgebrauch gespeichert und kopiert werden.
Introduction
The efficient markets hypothesis asserts that stock prices follow a random walk and that there is no arbitrage opportunity to make a profit in such markets (Fama 1970) . There is a vast literature that has questioned the empirical validity of this hypothesis, but it appears we have no definitive answer to the questions (Fama 1991) . In this vein, we present evidence of autocorrelation of one-minute returns at five-minute intervals in Japanese stock prices and attempt to offer an explanation of this phenomenon.
The efficiency of financial markets is also examined with high-frequency data.
The markets for foreign exchange and interest rate futures seem to react extremely rapidly to macroeconomic news announcements-within 40 seconds, according to Ederington and Lee (1995) and Almeida et al. (1998) . However, equity markets respond more slowly to earnings and dividend announcements, requiring ten to 15 minutes (Patell and Wolfson (1984) ). The response of the S&P 500 index to unexpected changes in the money supply and Consumer Price Index (CPI) is completed within one hour (Jain (1988) ). Tsutsui and Hirayama (2004) The first-order autocorrelation is significantly greater than zero and the fifth-order autocorrelation is similarly large. The ACFs show spikes at five-minute intervals. The 95% confidence band is also displayed in Figure 1 : the ACFs become insignificant only after 40 minutes, exhibiting nontrivial serial correlation. 2 The ACFs of the same minute-by-minute returns in the S&P 500 are plotted in Figure 2 . They exhibit a monotonically and rapidly decreasing pattern without spikes at five-minute intervals. The ACFs become insignificant after ten minutes, implying that the New York Stock Exchange is more efficient than the Tokyo Stock Exchange (TSE).
The fact that there is a significant fifth-order autocorrelation in the TOPIX minute-by-minute returns implies that there is some predictability in the return series.
Namely, if there is a high one-minute return, it is likely to be followed by a high return five minutes hence. This suggests that arbitrage opportunities exist. 3 The purpose of this paper is to look into this possibility and to attempt to find the reason behind this five-minute serial correlation.
Features of Fifth-order Autocorrelation
We will present evidence for fifth-order autocorrelation in one-minute TOPIX returns and delineate possible causes in this section. Let us first examine whether this phenomenon is present throughout the entire sample period or whether it emerged at a certain point. The entire sample from January 5, 1988 to November 23, 2003 was split into two subperiods with the break point varied at several dates. Experiments revealed that data before 1997
exhibited no autocorrelation at five-minute intervals. To be more specific on the timing of the emergence of this phenomenon, we carried out two sets of computations: i) we selected data for each one-month or three-month period and computed first-and fifth-order autocorrelations, ii) while fixing the start of the sample at January 4, 1994 we successively deferred the end of the sample from January 31, 1995 by one month and computed the same autocorrelations.
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Excessive noise in the results for one month and three months made unambiguous conclusions for these periods impossible. Results for the second set are given in Figure 3 , which plots the fifth-order autocorrelation denoted as ACF (5) Serial correlation may not contradict the random walk hypothesis. However, when minute-by-minute data is used, absence of trading (which is likely at such a high frequency) leads to stale prices and therefore serial correlation. Table 1 . These measures are computed across days. Specifically, rather than considering one-minute returns as one long series, each one-minute return is considered as a separate variable and is treated as a daily sample. Note that R0901 is the daily overnight return from the previous day's close to the opening of the day. Means are most notably positive and large for R0901 and R0906. Maximum and minimum values are also very large for these two variables compared with other adjacent returns. The fifth-order Ljung-Box Q statistic is also computed. Note, again, that each variable is observed at a daily frequency, thus the null hypothesis of this portmanteau test is that all the first-through fifth-order autocorrelation coefficients at daily frequency are zero. This statistic exhibits a very high (daily) serial correlation for R0901 and R0906. These characteristics more or less apply to R0911 and R0916, which also implies the existence of some seasonality at five-minute intervals.
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These results may imply that there is an underlying cause of the correlation occurring between returns at five-minute intervals at 9:01, 9:06, 9:11, and 9:16. Figure 5 plots the ACFs of one-minute returns excluding observations at these four minutes. As expected, the fifth-order autocorrelation disappears almost completely. Thus, this autocorrelation seems to be caused by data at those four particular minutes, i.e. at 9:01, 9:06, 9:11, and 9:16. If the overnight return observed at 9:01 (R0901) is positive (negative), then we would expect to see a rise (fall) in the one-minute return at 9:06. A natural question we are tempted to ask is 'Can we make money by exploiting this autocorrelation?' We devised a hypothetical investment strategy in which one buys (sells short) TOPIX when the overnight return is positive (negative) and one sells (buys) TOPIX at 9:06. We computed five-minute returns between 9:01 and 9:06 based on this strategy in Table 2 'Short Position' is the result of taking a short position following a negative overnight return at 9:01. The mean is 0.180%. Both have a t-statistic in excess of 7.0, which is highly significant. If the two results are merged, the mean return for the year is 0.171%. Since you can expect to earn this return every day during the 245-day period, its annualized return is almost 42% (0.171 x 245 = 41.895). Tsutsui (2003) reports a tendency of Japanese stock prices to rise during the night, but the average overnight return during 2003 is 0.148% according to Table 2 , which is smaller than the mean five-minute return we have just analyzed.
There are two possible causes of this correlation. Firstly, the Volume Weighted Average Price (VWAP) transactions are a candidate for the cause of this anomaly, since they were introduced in November 1997 and securities companies that undertake them are said to place most of their buy and sell orders at five-minute intervals to minimize impacts on the market price. Another candidate is special quotes, which are announced whenever the next equilibrium price exceeds a predetermined band. The quotes are set at the ceiling or the floor of this band and execution of orders is suspended temporarily. The announcement is designed to alert market participants to a substantial change in price and to encourage them to place orders to exploit the new information. When a special quote fails to induce the price to stay within the band, the band is doubled and after five minutes a new special quote is announced. Thus, the purpose of these quotes is to smooth out the price path. The TSE instituted an automated system of updating these special quotes at five-minute intervals in August 1998, which is likely to produce autocorrelation at this frequency. In addition, the overwhelming majority of special quotes are announced at the opening, which will be discussed in detail below.
We observed a gradual increase in fifth-order autocorrelation in late 1997 and the fall of 1998 in Figure 3 , which is consistent with both the introduction of VWAP transactions in November 1997 and the start of automated announcement of special quotes in August 1998. However, VWAP transactions are conducted throughout the day, which therefore fails to explain the fact that the five-minute periodicity appears only during the 9:01-9:30 period. Therefore, in the next section we will utilize data on individual stock prices to explore whether special quotes are the cause of autocorrelation at five-minute intervals.
3. Are Special Quotes the Cause of Fifth-order Autocorrelation?
We focus on individual stock prices in this section and examine whether special quotes cause the fifth-order autocorrelation. We ruled out VWAP transactions as the cause of the observed autocorrelation, because these transactions are conducted throughout the day whereas the autocorrelation appears only between 9:01 and 9:30. The same observation may hold true for special quotes, which are also announced throughout the day whenever the required condition is satisfied. We thus attempt to show that the bulk of special quotes are observed during the first half hour of daily trading and that they are the likely cause of the autocorrelation.
We utilize tick-by-tick data obtained from the MAINS (Market Information System) of the TSE. 200 stocks were selected out of around 1,500 listed in the first section of the TSE. The criterion was that the average daily trading volume exceeds 500 times the trading unit of the stock. day. Table 3 lists the number of occurrences of special quotes classified by their timing: i) opening of the morning session, ii) Zaraba trading (continuous auction) during the morning session, iii) opening of the afternoon session, and iv) Zaraba trading during the afternoon session.
9
The second column gives the number of occurrences of special quotes for all the stocks and the third column shows their proportions of the total. Over three quarters of special quotes (77.1%) occur at the opening of the morning session. The opening of the afternoon session also exhibits many instances of special quotes, but the proportion to the total is 12.8%. The reason for the substantial share at the opening of the morning session is probably that new information gathered overnight gives rise to discontinuous price jumps.
We next examine whether the frequency of special quotes is related to the liquidity of the stock. We would expect to see more special quotes for stocks with low liquidity.
For this purpose we classified 200 stocks according to the size of market capitalization.
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The largest 40 stocks are called Group 5, the next largest 40 Group 4, and so forth.
Occurrences of special quotes for each of these groups are displayed in Table 3 . Group 5 has 1877 occurrences of special quotes, which is somewhat fewer than for the other groups. 9 The TSE is open for trading from 9:00 to 11:00 for the morning session and from 12:30 to 15:00 for the afternoon session. Orders are accepted from 8:00 for the morning session and from 12:05 for the afternoon session. The opening prices of these sessions are determined by the itayose method in which all orders are treated as arriving simultaneously and as many shares as possible are traded at a single equilibrium price. After the opening, trading is done by the zaraba method which is a continuous auction. However, whenever trading is halted, say, due to the announcement of a special quote, the subsequent price is determined by the itayose method. Amihud and Mendelson (1991) analyze the itayose system and argue that this difference in the two price formation processes, itayose and zaraba, may produce differences in prices and trading volumes. 10 Market capitalization is regarded as a proxy for liquidity of the stock.
However, as the size of the stock decreases, we observe no tendency for the occurrences to increase. Thus, there seems to be no clear correlation between the frequency of special quotes and the liquidity of each stock. However, the timing of special quotes is overwhelmingly concentrated at the opening of the morning session. There were 8,922
cases of special quotes for 200 stocks during the nine-month period (about 180 business days). For each stock there were an average of about 45 occurrences (8,922 ÷ 200), which translates approximately into one occurrence for every four days (180 45). ÷ Our focus is then on when these special quotes are dissolved. Special quotes are invoked whenever a large price change is required to clear the market. Suppose, for example, that favorable information about a certain company results in a market order for 50,000 shares to be purchased and another market order for 1,000 shares to be sold. If the closing price of the previous day is 1,200 yen, the regulation of the TSE dictates that a special quote of 1,220 yen be announced to inform market participants of the existence of a large buy order. If someone entered a sell order of 49,000 shares, the market clears at 1,220 yen. However, if there is no sell order, the special quote is updated after five minutes to 1,240 yen in order to entice a sell order at this higher price. This updating of a special quote continues until it reaches the daily price limit. Expecting a higher price, potential sellers seem to wait for the next special quote to be announced. Thus, new sell orders are likely to be placed at five-minute intervals at which subsequent special quotes are announced. Table 4 gives the cumulative distribution of the time at which a special quote is dissolved. As expected, dissolution occurs at 9:01, 9:06, 9:11, 9:16, etc., at five-minute intervals. In particular there are 3,773 dissolutions at 9:06, which is about 42% of the special quotes announced at the opening of the morning session.
In order to assert that special quotes are the cause of fifth-order autocorrelation in minute-by-minute stock returns, we need to have two special quotes occurring consecutively.
These prices have then to rise or decline by a substantial margin in the same direction, resulting in positive autocorrelation in stock returns. This is limited by the number of special quotes that are dissolved immediately following the opening of the morning and afternoon sessions when most of the special quotes are observed. If a substantial proportion of them are dissolved within five minutes of opening, observed fifth-order autocorrelation is not explained by special quotes. Table 5 indicates the cumulative number of dissolutions following opening of the morning or afternoon sessions. After the market opens in the morning, only 33% of the special quotes at the opening are dissolved within five minutes. In other words, 67% of the special quotes at the opening are updated and reannounced as special quotes after five minutes, vindicating the assertion above.
However, about 80% of special quotes that occur at the opening of afternoon sessions are dissolved within five minutes according to Table 5 . This is quite consistent with the fact that the fifth-order autocorrelation seems to be caused only by data between 9:01 and 9:30 ( Figure 4 ). In summary, the above analyses indicate that fifth-order autocorrelation is caused by the existence of a substantial number of special quotes that persist for over five minutes after the opening of the morning session.
We now attempt to provide direct evidence of special quotes in individual stock prices giving rise to autocorrelation. We first verify that autocorrelation is also present with individual prices. We then exclude special quotes immediately following the opening from the individual stock prices by checking all entries in the tick-by-tick data. If this leads to the disappearance of fifth-order autocorrelation, we shall have additional evidence linking special quotes with autocorrelation.
We selected five individual stocks from different sectors, for which special quotes occur most frequently: UFJ Bank, Softbank, Oracle Japan, Oki Electric, and Acom. Due to limited space, we only present results for Oracle Japan, but results for the other companies are basically the same. During our nine-month sample period (approximately 180 days), the stock of Oracle Japan experienced 78 special quotes at the opening of the morning session, which is close to one special quote every two days. Computation of minute-by-minute returns requires us to select a single price value for each minute. When we have a special quote, it is the price we use. However, during the ordinary zaraba trading, we chose the mid value of bid and ask prices because the actual transaction price exhibits a significant negative autocorrelation due to bid-ask bounces. Adoption of mid-range values substantially mitigates the apparent volatility caused by bid-ask bounces.
The ACFs of one-minute returns of Oracle Japan exhibit spikes at five-minute intervals ( Figure 6 ) just like TOPIX returns. When we exclude returns involved with special quotes, the ACFs of Oracle Japan stock returns show no spikes at all (Figure 7 ).
Exactly the same difference is reproduced with the other four individual stock returns.
Therefore, analyses with individual stock prices also verify our hypothesis that fifth-order autocorrelation in stock returns is caused by special quotes.
Conclusion
In this paper we first reported that one-minute returns in Japanese stock price index (TOPIX) exhibit significant autocorrelation at five-minute intervals. We then found that this autocorrelation seems to have been caused by returns at 9:01, 9:06, 9:11, 9:16, etc. since around 1997. There are two possible causes for this phenomenon: VWAP transactions and special quotes. The former candidate is easily ruled out because the observed fifth-order autocorrelation is mainly caused by data between 9:01 and 9:30, whereas VWAP transactions are executed throughout the day. However, almost 80% of special quotes are announced at the opening of the morning session of the TSE and two thirds of them are renewed as special quotes after five minutes. New special quotes are announced at five-minute intervals at higher or lower prices than the previous special quote, thus giving rise to a positive autocorrelation at five-minute intervals. We also analyzed individual stock prices. They also exhibit a fifth-order autocorrelation in one-minute stock returns, but this disappears when the data with special quotes are excluded from the sample. Thus special quotes, which started to be automatically updated at five-minute intervals starting in August 1998, seem to be the definitive cause of the fifth-order autocorrelation in one-minute Japanese stock returns.
The implication of this finding is serious. Existence of autocorrelation contradicts the popular Random Walk Hypothesis of stock prices. It can be construed as evidence against the efficiency of a stock market. However, this does not necessarily present feasible arbitrage opportunities. It should be noted that whenever a special quote is announced, trading is halted, thus preventing the arbitrageur from executing his/her order.
Consecutive special quotes at five-minute intervals indicate that the pause in trading is prolonged. Therefore, the arbitrage opportunities we found turn out to be spurious.
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11 If the arbitrage between the spot and futures prices of TOPIX is active, autocorrelation in spot prices may be transmitted to futures prices. We examined the data for TOPIX futures, but their minute-by-minute returns exhibit no autocorrelation. However, this should be the case because one cannot make an arbitrage with special quotes in the spot market. Note: Fifth-order ACF and its ratio to first-order ACF in TOPIX one-minute returns are plotted. Notes: Four data points at 9:01, 9:06, 9:11, and 9:16 each day are excluded from the sample. 
